Background/Aims: Despite significant advancements in the diagnosis and treatment of osteosarcoma, the overall survival has remained relatively unchanged for over two decades. Hypoxic conditions have been demonstrated in solid tumors and are associated with increased cell proliferation and angiogenesis. L-arginine metabolism by arginase produces L-ornithine, the precursor for polyamine and proline synthesis required for cellular proliferation. We hypothesized that hypoxia would increase cellular proliferation via arginase induction in human osteosarcoma cell lines. Methods: We utilized a variety of approaches to examine the role of arginase II in hypoxic (1% O 2 , 5% CO 2 ) cellular proliferation. Results: Arginase II mRNA and protein levels were significantly increased in osteosarcoma cells exposed to hypoxia for 48 hours. There were twice as many viable cells following 48 hours of hypoxia than following 48 hours of normoxia (21% O 2 , 5% CO 2 ). The addition of difluoromethylornithine (DFMO), a putative arginase inhibitor, prevented hypoxia-induced proliferation. Transfection of small interfering RNAs (siRNA) targeting arginase II resulted in knockdown of arginase II protein levels and prevented hypoxia-induced cellular proliferation. Conclusions: These data support our hypothesis that hypoxia increases proliferation of osteosarcoma cells in an arginase II-dependent manner. We speculate that arginase II may represent a therapeutic target in osteosarcoma.
Introduction
Osteosarcoma is the most common malignant bone tumor in children and young adults with approximately 900 new cases diagnosed annually in the United States. The most common primary sites are the distal femur, proximal tibia and proximal humerus. Metastatic lesions are most commonly seen in the lung, but can occur in other bones and soft tissues as well. It is a highly aggressive neoplasm that is composed of spindle cells producing osteoid or immature bone. The treatment of osteosarcoma has not significantly changed in the last 20 years. Standard therapy consists of a combination of chemotherapy and aggressive surgical resection of the primary site and metastatic sites. Unfortunately, the improvement in outcomes seen for many other cancers has not been demonstrated in osteosarcoma, with 50%-60% five-year disease free survival rates for patients with localized disease and less than 20% for those with metastasis at diagnosis. There is an urgent need for new and more effective therapies for osteosarcoma to enable positive outcomes for these patients [1, 2] .
Normal cells and cancer cells have been shown to activate signaling pathways to induce cell proliferation, angiogenesis, and apoptosis under hypoxic conditions [3] . Hypoxic conditions are seen in solid tumors despite hypervascularization due to an imbalance between the rates of tumor cell proliferation, new endothelial cell formation, and disorganized vascular supply [4, 5] . Hypoxia has been shown to affect the L-arginine metabolic pathway in various types of cells, including smooth muscle cells and endothelial cells [6, 7] . L-arginine is the substrate for arginase, of which two isoforms have been described [8, 9] . Arginase I is a cytosolic enzyme that is highly expressed in the liver, while arginase II is a mitochondrial protein that is not expressed in the liver [10] . Both isoforms of arginase are expressed in various cell types throughout the body. The metabolism of L-arginine by arginase leads to the production of L-ornithine and urea, which is the first step in polyamine and proline synthesis. Polyamines and proline are critical for cell proliferation, differentiation, tissue repair, and growth [11, 12] . Arginine influences the growth of tumor cells, and dietary restriction of arginine has been shown to inhibit metastatic disease [13] . Given that the core of solid tumors like osteosarcoma can be hypoxic and the relation between hypoxia and arginase in other cell types, we hypothesized that hypoxia would result in arginase-dependent proliferation of osteosarcoma cells
Materials and Methods

Cell Culture
SaOS-2 cells were obtained from ATCC (Manassas, VA) and OS-17 xenograft cells from a patient specimen were provided by Dr. Houghton's laboratory at the Research Institute of Nationwide Children's Hospital. SaOS-2 cells were cultured in McCoy's 5A Medium containing 10% fetal bovine serum. OS-17 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (Mediatech, Manassas, VA). The cells were grown to approximately 80-90% confluence and washed with PBS. 10 ml of fresh media was placed on the cells, and they were incubated at 37˚C in either 5% CO 2 , balance air (normoxia) or 5% CO 2 , 1% O 2 balance N 2 (hypoxia) for 24 hours.
Protein Isolation
Cells were washed twice with ice-cold HEPES buffer and 200 μl lysis buffer (0.2M NaOH, 0.2% SDS with the following added to each ml 30 minutes before use: 1 μg aprotinin, 1 μg leupeptin, and 1 μg phenylmethylsulfonyl fluoride; all from Sigma, St Louis, MO) were placed on the cells. The plates were scraped, pipetted into sterile centrifuge tubes and placed on ice for 30 minutes. The cell lysates were centrifuged at 12,000g for 10 minutes. The supernatant was stored in 1.5 ml tubes at −80˚C. Total protein concentration was determined by the Bradford method (BioRad, Hercules, CA).
Western blot analysis
The cell lysates were assayed for levels of arginase I and arginase II protein using immunoblot analysis as previously described [14] . Aliquots of cell lysate were diluted with 10 µl SDS sample buffer, 4 µl reducing agent, and appropriate amounts of deionized water. The samples were then heated to 80˚C for 10 minutes, and then separated using SDS-PAGE gel electrophoresis. The proteins were transferred to PVDF membranes, and blocked overnight in TBS with 0.1% Tween (TBS-T) containing 5% skim milk. The following day the membranes were washed 4 times with TBS-T and then incubated with primary antibody against arginase I or arginase II (both 1:500; Santa Cruz Biotechnology, Santa Cruz, CA). The membranes were then washed another 4 times with TBS-T, and incubated with goat anti-rabbit IgG HRP conjugated secondary antibody (1:10,000; Bio-Rad) for 1 hour and then washed 4 times with TBS-T. The bands for total arginase I or arginase II were visualized using chemiluminescence (Amersham ECL plus Reagent, Piscataway, NJ) and quantified using densitometry (Total Lab gel analysis; Biosystematica, Mountain Hall, Wales, UK). To control for protein loading, the blots were stripped and re-probed for β-actin using a monoclonal antibody (1:5,000; Abcam, Cambridge, MA).
Viable cell number
To determine viable cell numbers, 5,000 cells were plated into each well of a 6-well plate. The appropriate treatments were included in the media and the cells were placed in either hypoxia or normoxia for a period of 24 or 48 hours. Depending on the experimental protocol, either 100 µM or 1 mM α-difluoromethylornithine (DFMO, Cayman Chemical, Ann Arbor, MI) was included in the respective medium, such that treatments were added at time 0, the start of the exposure to either normoxia or hypoxia, of the given experiment. We chose these concentrations of DFMO based on previous studies demonstrating that 1 to 400 µM can inhibit arginase activity in a variety of cell types [15] [16] [17] . In additional studies 100 μM S-(2-boronoethyl)-L-cysteine (BEC, Cayman Chemical, Ann Arbor, MI) or 10 µM N ω -hydroxy-arginine (NOHA, Cayman Chemical) or their respective vehicle were used, we chose these concentrations of BEC and NOHA based on our previous experience [7] . At the end of the experimental protocol, the cells were removed from the incubator and plates were washed 3 times with PBS. After the final wash, 1 ml of trypsin was added to each well. The plates were incubated for ~3 minutes followed by the addition of 2 ml trypsin neutralizing solution. The cells from each well were placed in 15 ml conical tubes. The cells were centrifuged for 5 min at 1220 x g at 4˚C. The supernatant was discarded and the cells were re-suspended in 1 ml of medium. The cells were mixed 1:1 with trypan blue and viable cells were counted using a hemocytometer.
RNA isolation and Real time PCR
RNA was isolated from cells using Trizol (Invitrogen, Carlsbad, CA). DNase treatment was performed on all samples using RNase-free DNase (Super Array, SA Biosciences, Frederick, MD) followed by reverse transcription (Promega, Madison, WI) and then analysis of cDNA by Real time PCR using SYBR Green jumpstart Taq (Sigma). Primers were ordered from IDT (Integrated DNA Technologies Coralville, IA) using the following sequences for human Arginase I forward primer: 5 'TTGGCAATTGGAAG-CATCTCTGGC 3'; reverse primers: 5' TCCACTTGTGGTTGTCAGTGGAGT 3'. Arginase II was amplified using the forward primer: 5' TTAGCAGAGCTGTGT-CAGATGGCT 3' and the reverse primer: 5' GGGCATCAACCCA-GACAACACAAA 3'. 18S was amplified using the forward primer (5' CCAGAGCGAAAGCATTTGCCAAGA 3') and the reverse primer (5' TCGGCATCGTTTATGGTCGGAACT 3'). For each reaction, negative controls containing reaction mixture and primers without cDNA were performed to verify that primers and reaction mixtures were free of template contamination. Relative arginase amounts were normalized to 18S expression using the ∆∆CT method [18] . All samples were analyzed in duplicate. Data are shown as fold-change relative to normoxia-exposed control cells at each respective time point.
Urea assay OS-2 cells were plated in 60 mm plates and grown to 80-90% confluence. Cells were washed and had 4 ml of media containing 1 mM L-arginine and 1 mM MnCl 2 , and placed in either normoxia or hypoxia. After 48 hours the media was collected and assayed for urea concentration colorimetrically as previously described [6, 7] .
Transfection of Arginase II siRNA
Transfection of arginase II-small interfering RNAs (siRNA) was performed as previously described [6, 7, 14] to determine the effects of arginase II gene silencing on SaOS-2 and OS-17 proliferation. We obtained siRNA against human arginase II from Dharmacon as a mixture of 4 different siRNA against arginase II in a single reagent (ON-TARGETplus arginase II siRNA, catalogue number L-009454-01-0005). DharmaFECT 1 transfection reagent (Thermo Fisher Scientific, Lafayette, CO) was used according to manufacturer's protocol. Briefly, in 1.5 ml centrifuge tubes, 100 µl of 2 µM siRNA, arginase II-siRNA (Thermo Fisher Scientific), or non-targeting scramble siRNA (Thermo Fisher Scientific) was mixed with 100 µl of smooth muscle basal medium (Lonza), vortexed, and incubated at room temperature for 5 minutes. The DharmaFECT 1 transfection reagent was diluted 1:100 (total volume of 200 µL) and incubated at room temperature for SaOS-2 or OS-17 cells were grown to ~70% confluence in six-well plates, and then washed with PBS. Fresh media (1 ml) + siRNA-DharmaFECT reagent mixture (1 ml) were placed in each well of a six-well plate. SaOS-2 and OS-17 were incubated in normoxia for another 24 hours. Transfected SaOS-2 and OS-17 were used in experiments and incubated in either normoxia or hypoxia for 48 hours. Protein was harvested for Western blot analysis or cells were prepared and counted for proliferation assay as described above.
Statistical analysis
Data are presented as mean ± SE. When comparing 2 groups a t-test was utilized. When comparing more than 2 groups, a one-way ANOVA was used with Student-Newman-Keuls post hoc tests to identify differences between groups. Differences were considered significant when p < 0.05.
Results
Hypoxia increased arginase II expression in osteosarcoma cells
SaOS-2 or OS-17 cells were grown to approximately 90% confluence and incubated in either normoxia or hypoxia for 24 hours to determine the effects of hypoxia on arginase mRNA expression. RNA was harvested, and arginase I and arginase II mRNA expression was determined by real-time PCR. There was no significant difference in arginase I mRNA levels between normoxic and hypoxic SaOS-2 cells. There were ~4 fold greater arginase II mRNA levels in hypoxic SaOS-2 cells than in normoxic SaOS-2 cells (p = 0.018). In OS-17 cells there was a tendency (p = 0.055) toward greater arginase I mRNA levels following hypoxia than following normoxia. On the other hand, there was a robust (~9 fold) hypoxia-induced increase in arginase II mRNA levels in OS-17 cells (p = 0.009).
The effects of hypoxia on arginase protein expression on SaOS-2 and OS-17 cells were determined by growing cells to 80-90% confluence and incubating in hypoxia or normoxia for 24 hours. Protein was harvested and expression of arginase I and arginase II was determined using Western blot analysis. There were no significant differences in the protein levels for arginase I in SaOS-2 or OS-17 cells exposed to normoxia or hypoxia (data not shown). There was a ~2 fold greater arginase II protein level in the hypoxic SaOS-2 cells than in the normoxic SaOS-2 cells (Fig.  1A&1C ). We found a significant increase in urea production in SaOS-2 cells (3.15 ± 0.30 µmole/mg protein in normoxic cells and 4.21 ± 0.17 µmole/mg protein in hypoxic cells, p < 0.05). There was also a ~5 fold greater arginase II protein level in hypoxic OS-17 cells than in normoxic OS-17 cells (Fig. 1B&1D) . To determine if the hypoxia-induced changes in arginase II mRNA and/or protein levels were due to changes in either mRNA and/or protein stability we utilized actinomycin D to stop mRNA production and cycloheximide to stop protein production in OS-17 cells incubated in either normoxia or hypoxia. OS-17 cells were incubated in either normoxia or hypoxia for 24 hours and then treated with actinomycin D and at 0, 2, 4, 8, 12, and 24 hours RNA was harvested for real-time PCR determination of arginase II and 18S. There was no difference in the arginase II mRNA half-life in normoxia or hypoxia ( Fig. 2A) . OS-17 cells were incubated in either normoxia or hypoxia for 24 hours and then treated with cycloheximinde and at 0, 2, 4, 8, 12, 24, 48 and 72 hours protein was harvested for western blot determination of arginase II and β-actin. There was no difference in the arginase II protein half-life in normoxia or hypoxia (Fig. 2B) .
Hypoxia increased proliferation of osteosarcoma cells
Proliferation of SaOS-2 and OS-17 cells exposed to either normoxia or hypoxia was determined by counting viable cells using trypan blue exclusion. 5,000 cells were seeded per well on a 6-well plate and incubated in either normoxia or hypoxia for 48 hours. Incubation in hypoxia for 48 hours resulted in approximately twice as many viable SaOS-2 cells compared to incubation in normoxia for 48 hours (9,667 ± 1,085 viable cells normoxia versus 16,667 ± 1,333 viable cells hypoxia, p<0.005). A similar hypoxia-induced increase in viable cell numbers was found in the OS-17 cells (7,333 ± 667 viable cells normoxia versus 12,333 ± 954 viable cells hypoxia, p < 0.005).
Arginase inhibition prevented hypoxia-induced proliferation
To determine the role of arginase activity in hypoxia-induced osteosarcoma cell proliferation, the putative small molecule arginase inhibitor DFMO was used. We found that DFMO at 100 µM decreased hypoxia-induced urea production by 48 ± 21% (p < 0.05) in SaOS-2 cells. SaOS-2 and OS-17 cells were seeded on a 6-well plate at 5,000 cells per well. Vehicle or DFMO was added to achieve a concentration of 100 µM and the cells were incubated in either normoxia or hypoxia for 48 hours. Viable cell number was determined using trypan blue exclusion. The hypoxia-induced increase in viable cell numbers in both SaOS-2 and OS-17 cells was completely prevented by DFMO (Fig. 3) . Although, the mean numbers of viable cells tended to be lower in the normoxic DFMO treated cells than in the normoxic control cells, there was no significant difference between the groups (Fig. 3) To examine other small molecule inhibitors of arginase and their effect on hypoxiainduced osteosarcoma cell proliferation we used BEC and NOHA. We found that BEC decreased hypoxic urea production in SaOS-2 cells by 79 ± 6% (p < 0.05) and that NOHA decreased hypoxic urea production in SaOS-2 cells by 72 ± 5% (p < 0.05). SaOS-2 cells were treated with 100 µM BEC or vehicle and incubated in hypoxia or normoxia. The hypoxia- induced increase in cell proliferation was prevented by the addition of BEC to the medium (Fig. 4A) . SaOS-2 cells were treated with 10 µM NOHA or vehicle and incubated in hypoxia or normoxia. The hypoxia-induced increase in cell proliferation was prevented by the addition of NOHA to the medium (Fig. 4B) . The studies were repeated in OS-17 cells with similar results (Fig. 4C for BEC, Fig. 4D for NOHA) . These studies support the notion that the effect of the small molecule inhibitors on hypoxia-induced proliferation were through their effects on arginase.
Transfection with Arginase II-small interfering RNA prevented hypoxia-induced cell proliferation
To delineate the role of arginase II in the hypoxia-induced proliferative response of SaOS-2 and OS-17 cells, siRNA against arginase II was used. The specific knock-down of arginase II expression by siRNA was confirmed in the SaOS-2 and OS-17 cells by Western blot analysis. The effect of knock-down of arginase II on viable cell numbers was determined in normoxic and hypoxic exposed SaOS-2 and OS-17 cells using trypan blue exclusion. Cells were again seeded at 5,000 per well in a 6-well plate, transfected for 24 hours and then incubated in normoxia or hypoxia for 48 hours. In both SaOS-2 ( Fig. 5A ) and OS-17 ( Fig. 5C ) cells arginase II siRNA effectively knocked down arginase II protein levels and prevented hypoxia-induced arginase II protein expression, while scramble siRNA had no effect on either normoxic or hypoxic arginase II protein levels. Arginase II siRNA completely prevented the hypoxiainduced increase in viable cell numbers in the SaOS-2 cells, while scramble siRNA had no effect on the hypoxia-induced increase in viable SaOS-2 cell number (Fig. 5B) . Similarly, arginase II siRNA completely prevented the hypoxia-induced increase in viable OS-17 cell numbers, while scramble siRNA had little effect on the hypoxia-induced increase in viable OS-17 cell numbers (Fig. 5D ). There were no significant differences seen between normoxic control and normoxic arginase II-siRNA transfected cells, or between normoxic scramble siRNA and normoxic arginase II-siRNA transfected cells (Fig. 5B & 5D) .
Transfection with Arginase II-small interfering RNA had no effect on arginase I The effect of transfection with arginase II siRNA on arginase I was also studied. Sa-OS2 cells were seeded into 6-well plates 24 hours before transfection to reach 70% confluence at the time of transfection. Sa-OS2 cells were either not transfected or transfected with scramble siRNA or argII siRNA for 24 hours. The media was then replaced and cells were placed in either normoxia or hypoxia 48 hours before harvesting protein for western blot analysis. As previously described, increased expression of arginase I was noted under hypoxic conditions but there were no demonstrated change after transfection with arginase II siRNA. On the other hand, arginase II expression was decreased after transfection with arginase II siRNA under both normoxic and hypoxic conditions (Fig. 6) .
Heat map Xenograft models of various malignancies, both solid tumors and hematopoietic tumors, available through the Pediatric Preclinical Testing Program, were evaluated for the presence of arginase and its upstream receptor, EGFR. We found that the 7 available osteosarcoma xenografts examined (OS-1, OS-2, OS-9, OS17, OS-30, OS-31 and OS-33) had consistently high (Fig. 7) . Interestingly, the xenografts from rhabdomyosarcoma (RMS) and acute lymphoblastic leukemia (ALL) had little expression of arginase II, while some of the other solid tumors such as kidney tumors (KT), brain tumors (BT) and neuroblastoma (NBL) showed high levels of arginase II expression.
Discussion
The major findings of our study were that in two different human osteosarcoma cell lines: 1) hypoxia increased arginase II mRNA and protein levels, 2) hypoxia did not change arginase II mRNA or protein stability, 3) hypoxia had little effect on arginase I protein levels, 4) hypoxia resulted in greater viable cell numbers, 5) hypoxia-induced increases in viable cell number was prevented by DFMO, BEC, and NOHA, and 6) siRNA targeting arginase II prevented hypoxia-induced cell proliferation. These data support our hypothesis that hypoxia results in proliferation of osteosarcoma cells that depends on arginase II induction.
To our knowledge, this is the first report of the central role of arginase II in hypoxiainduced proliferation in osteosarcoma cells. A central role for arginine, the substrate for arginase, in the multi-step processes resulting in cancer have been described [19] . Furthermore, an essential role for arginine has been shown for multiple cancer cell lines, where depriving cancer cells of arginine resulted in cell death [20] . Goldstein et al. [21] recently described that in immunodeficient mice, an orthotopic xenograft of osteosarcoma expressed arginase I. We found that both SaOS-2 and OS-17 cells expressed arginase I but that hypoxia did not result in significant up-regulation or down-regulation of arginase I protein levels. On the other hand, arginase II gene and protein expression were both up-regulated in SaOS-2 and OS-17 cells by exposure to hypoxia. These data suggest that it is arginase II that is the hypoxia-inducible isoform in osteosarcoma. Furthermore, our results demonstrate the central role of arginase II in hypoxia-induced osteosarcoma cell proliferation. Recently it has been reported in patients with pancreatic cancer that arginase II was found in cancerassociated fibroblasts and that the presence of arginase II indicated tissue hypoxia [22] . These findings are also consistent with previous findings in human pulmonary endothelial cells [7] and human pulmonary artery smooth muscle cells [6] wherein hypoxia resulted in up-regulation of arginase II protein expression and was required for hypoxia-induced proliferation. In macrophages from rats and mice it has been shown that hypoxia induces arginase I protein expression and interestingly suppresses arginase II protein expression [23] . Thus, it may be that the arginase isoform up-regulated by hypoxia is cell-type dependent. However, clearly in SaOS-2 and OS-17 cells arginase II is the predominant arginase isoform up-regulated by hypoxia. Recently, the tumor microenvironment has been studied as a key player for modulation of metabolism, tumor growth, progression, and metastasis to distant sites [24, 25] . At a molecular level, hypoxia induced S-phase arrest has been shown to be associated with inhibition of DNA replication in both the initiation and elongation phases. Chronic hypoxia exposure prevents replication restart after re-oxygenation. However, acutely exposed cells are still able to restart replication despite the presence of an active checkpoint response and re-oxygenation-induced DNA damage and thus increase genomic instability and likely cause more aggressive phenotypes [26] . Clearly, hypoxia-induced proliferation in the SaOS-2 and OS-17 cells suggests that at least some types of osteosarcoma respond to hypoxia with increased cellular proliferation. We speculate that hypoxia-induced arginase II expression and proliferation may be markers for more aggressive, less chemotherapy responsive, osteosarcomas. Further studies are needed to determine if arginase II may be a marker of poor therapeutic response in osteosarcoma.
The putative arginase inhibitors DFMO, BEC, and NOHA, as well as siRNA-mediated arginase II knock-down prevented hypoxia-induced cellular proliferation in both SaOS-2 and OS-17 cells. This finding is consistent with recent work in human lung endothelial cells, where arginase inhibition using small molecule inhibitors completely prevented hypoxiainduced cellular proliferation [7] . Recently, Krotova et al. [27] found that silencing HIF-2 in lung endothelial cells prevented hypoxia-induced arginase II expression. Similarly, Takeda et al. [28] found that in thioglycollate-elicited mouse peritoneal macrophages arginase II was induced by Th2 mediated HIF-2 activation. The presence of increased HIF-1 has been associated with metastasis and poor overall survival. It may be that hypoxia-induced arginase II expression involves HIF activation, although further studies will be needed to delineate the exact intracellular pathways that lead to arginase II induction. However, the possibility that HIF may be involved is of interest given the finding that overexpression of HIF-1 and HIF-2 are clinically associated with osteosarcoma [29] .
It has also been shown that T-cell function can be suppressed by human granulocyte arginase, the arginase released can result in very high arginase activity locally and result in suppression of T-cell proliferation and cytokine synthesis [30] . A similar regulation of human NK cells by arginase released from granulocytes has also been reported [31] . Furthermore, it has recently been shown that meschymal stromal cells transform neutrophils into an immunosuppressive phenotype in part by inducing arginase expression and activity [32, 33] . Thus, arginase by consuming arginine locally can have immunosuppressive effects, which may promote tumor cell survival [34] [35] [36] . Although our results demonstrate a clear role for arginase II in hypoxic proliferation of osteosarcoma cells, it may be that arginase-induced immunosuppression is another potential mechanism involved in osteosarcoma progression in vivo, and future studies should examine this potential mechanism.
In conclusion, we found that arginase II gene and protein expression were increased in two osteosarcoma cell lines, SaOS-2 and OS-17, exposed to hypoxia. Exposure to hypoxia was associated with increased cellular proliferation as evidenced by an increase in viable cell number in these osteosarcoma cell lines. Both pharmacological inhibition of arginase and siRNA targeting arginase II completely prevented the hypoxia-induced proliferative response in SaOS-2 and OS-17 cells. These data strongly suggest that arginase II is required for hypoxia-induced proliferation of osteosarcoma cells. The analysis of a wide array of pediatric malignancies demonstrates consistently high expression of arginase II in the currently available osteosarcoma xenografts. These data emphasizes the importance of understanding the role of arginase II in proliferation of osteosarcoma cells, in order to better understand the biology of the tumor and to develop much needed novel therapeutic agents to improve the survival from this otherwise devastating disease.
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